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ABSTRACT

The Application of Electron Backscatter Diffraction to the Forensic Analysis of Minerals
by
Tiffany J Millett

Advisor: Thomas A. Kubic, M.S., J.D., Ph.D.

Electron Backscatter Diffraction has been largely used in the metallurgic and material
sciences and until now, has found few applications in the forensic sciences. One of the few
utilizations of this technique in forensic science is in firearm serial number restoration as a
complementary technique to the time-consuming and tedious chemical etching methods. This
research aims to expand the uses of Electron Backscatter Diffraction in the forensic sciences as it
applies to other types of samples, specifically as it pertains to forensic mineral analysis.
Electron Backscatter Diffraction offers the analyst information regarding crystal structure
of a material, so long as the sample is crystalline in nature. Minerals, many of which are crystalline
in nature, can be analyzed using Electron Backscatter Diffraction. The Electron Backscatter
Diffraction instrumentation used to achieve these patterns is coupled with a Scanning Electron
Microscope and Energy Dispersive X-ray Spectrometer. These three instruments provide the
analyst information of morphology, elemental composition, and of course, crystal structure. This
combination of information in one single system is the most attractive feature of this method.
Minerals have long been encountered in items of forensic importance, primarily as the main
constituent of the inorganic portion of soil. Scientists have determined numerous methods to
iv

analyze this type of evidence by its mineral content, to determine if two samples came from a
common origin. This information can aid in a forensic investigation to determine if a suspect has
ever been at a crime scene, or with the use of geo-sourcing, determine where a crime scene is
located.
Polymorphisms are of special importance in forensic science as they further allow the
differentiation of samples based on their crystal structure. By many of the currently used forensic
techniques for analyzing the mineral fraction of soil samples, only the chemical composition is
determined, by the physical properties of the bulk sample assessed. However, with the use of
Electron Backscatter Diffraction, one can determine the crystal structure and determine the
polymorph present. Determining the crystal structure of a mineral can help to add to the
information about a sample, either as exclusionary or inclusionary evidence in a forensic
investigation.
This study aims to examine minerals commonly found in nature, which could ultimately
become forensic evidence, and the ability of Electron Backscatter Diffraction to obtain crystal
information from a single grain or crystal. The parameters necessary to achieve this information
will be thoroughly studied. Various sample preparation techniques will be considered. The
applicability of this technique to gem authentication will be tested. Lastly, this research aims to
answer the question as to whether Electron Backscatter Diffraction can be successfully used to
analyze minerals in real forensic case samples.
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CHAPTER 1: INTRODUCTION

Statement of the Problem
The foundations of forensic science are the same as they are in biology, chemistry, and
physics. What makes forensic science stand apart from the traditional sciences is the application
of the results of any scientific analysis to the law.
Electron Backscatter Diffraction is not a new technique to the physical sciences but has
scarcely been used in forensic science. The goal of this research is to increase the knowledge of
the technique, apply it to only a small fraction of materials which can be considered “forensic
samples”, in hopes of inspiring others to do the same, thereby making this a technique widely used
in this area of expertise.
The analysis of minerals has existed for centuries. The importance of mineral identification
cannot be understated when it comes to forensic evidence. Typically concerned with sand and soil
samples, minerals are the general makeup of everyday things. There has been a lack of reported
research to analyze minerals using the combination of Scanning Electron Microscopy (SEM),
Energy Dispersive Spectroscopy (EDS), and Electron Backscatter Diffraction (EBSD) for forensic
purposes.
Most known minerals are crystalline in nature, that is, existing with a repeating and defined
atomic structure. The use of three instruments, SEM, EDS, and EBSD allows the analyst to gain
information of morphology, elemental composition, and crystal structure, which is not possible
using customary equipment commonly found in forensic laboratories. Gaining all this information
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on the mineral fraction of evidence can help the analyst form conclusions, whether to support
common origin theories or to provide evidence of exclusion, during a forensic investigation.
Significance of the Problem
As common as minerals are in our everyday lives, the main constituents of soil, sand, and
even dust, one could imagine it can be equally as common in forensic investigations. There are
few laboratories that are equipped to characterize these samples. This can be based on equipment
availability, but even more so based on expertise of scientists as the difficulty of soil analysis is
grand and training sometimes not available, making mineral analysis a daunting task.
In the past, forensic soil examination was a routine aspect of forensic trace evidence
examinations. The apparent need for soil examinations then went through a period
of decline and with it the capacity of many forensic laboratories to carry out soil
examinations. In more recent years, interest in soil examinations has been renewed
due-at least in part- to soil examinations contributing to some high-profile
investigations. However, much of this renewed interest have been in organizations
with a primary interest in soil and geology rather than forensic science. (Woods,
Kirkbride, Lennard, & Robertson, 2016)
This renewed interest is at the forefront of why this research was undertaken. The lack of analysis
of mineral evidence is believed to be due to the extensive training and expertise needed to be held
by the examiners with traditional instrumental and microscopic methods. This research aims to
make a way in which mineral characterization, identification, and comparison can be more
available to scientists and laboratories, while increasing the use of EBSD which to date, has not
found a true growth in forensic science. “EBSD is not widely used for mineral identification,
primarily because geologists are accustomed to using an optical microscope for this purpose, and
then using a microprobe to assist where grains are too small to resolve optically” (Prior, Mariani,
& Wheeler, 2009).
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Past Work Related to the Problem
Any material can at some point be considered evidence in a forensic investigation. A bat
is commonly used as a piece of equipment in a baseball game, until it is used as a weapon in a
crime and is from then on considered evidence. The recognition of ordinary materials as evidence
and their use to help investigate a crime is one of the most important roles forensic science plays
in the criminal justice system. If the evidence is not recognized and collected, the information it
holds will never be used to help investigators, which makes its detection the most crucial step in
any investigation.
Some materials commonly encountered as forensic evidence include glass, hair, fibers,
gunshot residue, and soil. All these evidence classes fall under the category of evidence traces.
This is so called based on the principle that every encounter leaves a trace fathered by Edmond
Locard in 1910, known today as the Locard Exchange Principle. Locard was inspired by Sir Arthur
Conan Doyle’s story of Sherlock Holmes and today his principle is considered a basis of forensic
science. The principle states that whenever two objects come into physical contact, an exchange
of materials takes place. This transfer of material, whether it be fingerprints or a tangible material,
is what helps investigators determine if two items came into contact. The type of transfer, whether
primary or secondary, can also aid investigators in the reconstruction of events. The forefront of
forensic science is to recognize and collect evidence, identify the material, infer a common source,
interpret the results, and most unique to forensic science, assist the legal system with the scientific
findings.
Soil is an extremely common type of material found in the earth and happens to be a
common type of evidence encountered in forensic investigations. Its presence in many areas, and

3

therefore in many crime scenes, have generated interest in forensic scientists to study the material.
Additionally, its ability to be transferred to a vehicle, a person, or even a shoe, can lead
investigators to determining the chain of events leading up to the collection of evidence.
To date, microscopy, infrared spectroscopy, SEM, EDS, and X-ray diffraction are all used
to analyze mineral evidence brought into the crime laboratory. However, each of these techniques
has their own weaknesses, much of which may be solved with the combined use of SEM, EDS,
and EBSD.
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CHAPTER 2: ELECTRON BACKSCATTER DIFFRACTION
Electron Backscatter Diffraction is a scanning electron microscope-based technique which
allows for the orientation and phase of a tilted crystalline sample to be analyzed, based on patterns
obtained by the diffraction of the electron beam by the lattice planes in the material. This technique
is commonly used in the metallurgic sciences; however, this research aims to point out the
applicability of its use in the forensic sciences as well.
History
Known by several names, Kikuchi Electron Diffraction, Backscatter Kikuchi Diffraction,
and High-Angle Kikuchi Diffraction, the term Electron Backscatter Diffraction (EBSD) is now the
most widely used for this technique. This technique utilizes the electron beam of a Scanning
Electron Microscope to determine microstructural and crystallographic information about a
sample.
In 1897, the electron was discovered by J. J. Thomson. In studying the wave-like properties
of electrons, the first discovery of electron diffraction was performed by his son, George Paget
Thomson in 1928, using a Transmission Electron Microscope (Thomson, 1927). He was awarded
the Nobel Prize in 1937 for this discovery.
In the following year, Nishikawa and Kikuchi obtained diffraction patterns of calcite in the
Transmission Electron Microscope, confirming the work done previously by Thomson (Nishikawa
and Kikuchi, 1928). Interestingly in this study, not only was the pattern captured through the
sample, but also on the same side of the sample that is bombarded by the electron beam, in just the
way modern EBSD experiments are performed today. This research paved the way for looking at
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other crystalline materials, including quartz, mica, zinc, and topaz, all giving rise to similar
patterns. Below is the first image of the black and white lines, what is now known as a Kikuchi
pattern, obtained from this experiment.

Figure 1: Kikuchi pattern of Calcite (Source: Nishikawa and Kikuchi, 1928).

Perhaps one of the greatest combinations, leading to the possibility of the use of the
technique today, is due to the work done in 1973 by Venables and Harland, combining SEM and
EBSD in their work titled, “Electron Back-Scattering Patterns – A New Technique for Obtaining
Crystallographic Information in the Scanning Electron Microscope” (Venables & Harland, 1973).
In 1984, D. J. Dingley used an analog camera with a phosphor screen to collect EBSD
patterns, connected to a computer for assisting with on-line indexing (Dingley, 1984). He later
worked with Adams to develop a fully automated indexing system, commercially known as
Orientation Imaging Microscopy (Wright & Adams, 1992, Adams, Wright, & Kunze, 1993).
Still today, the innovations using EBSD are ever improving, with EDAX introducing the
CCD detector in 1999, and the CMOS detector in 2018. These advances improve the capabilities
of the technique and widen the interest of researchers.
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Theory

Figure 2: Schematic of EBSD Pattern Production. Electrons fired from an electron gun aimed at the sample, tilted at 70 degrees,
producing characteristic pattern onto the phosphor screen. (Source: EDAX).

The electrons in the stationary electron beam in a SEM are accelerated towards a sample
where they are inelastically and elastically scattered. If the sample is crystalline, the elastically
scattered electrons constructively diffracted by the lattice planes of the crystal, satisfying the Bragg
condition, are then directed towards a phosphor screen detector, creating visible lines or bands,
forming Kikuchi patterns. The diffraction from the lattice planes in the crystal are reflected as
cones and directed to the phosphor screen to create the patterns (Schwarzer, Field, Adams, Kumar,
& Schwartz, 2008). The sample is tilted at a seventy-degree angle to maximize the escape of
backscattered electrons from the sample and capable of reaching the detector (Randle, 2009).
Overall, these patterns will contribute information as to the crystal structure and orientation of the
sample.
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Figure 3: Formation of Kossel cones and their resulting band patterns onto the phosphor screen. Source (https://gansem.phys.strath.ac.uk/techniques/electron-backscatter-diffraction-ebsd/ accessed January 26th, 2022).

Instrumentation
Needing an electron beam as a source, the addition of the EBSD detector to the
configuration of the SEM is easily accomplished. The additional components of the microscope
allow for a great deal of additional information to be gained from the sample.

3
5

4
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2
1

Figure 4: SEM Chamber View as viewed from the instrument’s infrared camera. (1) Sample and Sample Stage (2) Electron
Backscatter Diffraction Detector (3) Electron Gun Pole Piece (4) Backscatter Detector (5) Energy Dispersive Spectroscopy
Detector (6) Cathodoluminescence Detector. John Jay College of Criminal Justice. (Photo by author).
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The figure above shows the configuration in obtaining an Electron Backscatter Pattern in
the SEM. The inside of the SEM is equipped with an infrared camera, allowing for the chamber to
be in viewed when the door is closed and the vacuum on. Position (1) in the figure is the sample
and sample stage. Notice the sample is mounted on a pre-tilted stub holder to be at a 70˚ angle
with (2), the phosphor screen of the EBSD detector. Directly above, in a 90˚ angle from the sample
is the electron gun (3). The Backscatter detector (4), EDS detector (5), and Cathodoluminscence
detector (6) can also be seen above the sample.
EBSD Patterns
Formation of Kikuchi Bands (EBSP)
When the electrons from the stationary electron beam are bombarded onto the sample and
are diffracted, they are collected by the phosphor screen of the EBSD detector and subsequently,
the CCD camera of the detector. The diffraction patterns created are often called Kikuchi Patterns,
Backscatter Kikuchi Patterns, EBSD Patterns, or Electron Backscatter Patterns. These patterns are
used to determine orientation and structure of crystalline materials.
For EBSD, the beam interacts approximately 20nm below the surface of the sample, which
is why it is primarily known as a near-surface analysis technique (Schwartz, Kumar, Adams &
Field, 2009).
Electron Backscatter Patterns make it possible to determine the orientation of a crystal at
specific points on the surface of a material. Even if the material is the same at each point, the
crystal can be oriented differently and thus result in unique pattern. The figure below shows an
area on the surface of a sample, its captured Kikuchi pattern, and its orientation at that specific
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point. The sample being observed is homogenous, made of the same material throughout.
However, this example shows how the crystal orientation, and thus overall pattern, differs across
the scanned area.

Figure 5: Screen shot of animation relating point on sample, Kikuchi pattern, and crystal orientation. (Source:
http://www.ebsd.com/ebsd-for-beginners accessed April 4th, 2019).

Geometry and Intensity of EBSP
Electron Backscatter Patterns are characterized by their arrangement of bright bands,
shown in the pattern as existing parallel to one another. However, because the electrons hitting the
phosphor screen are projections of Kossel cones, the bands are hyperbolic in nature, not really
straight lines but appear so because of the small angles involved in the diffraction. These bands
are a representation of the reflecting planes in the crystalline material, the angles in between
representing the interplanar angles in the crystal, and the intersection of which represent a zone
axis. The position and arrangement of these bands depict the orientation of the crystal. The distance
between these planes in the crystal (d-spacing) is inversely proportional to the width of the Kikuchi
bands.
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Figure 6: Formation of Kikuchi Lines by Kossel Cones from the diffracting plane of a crystal, hitting the phosphor screen.
(Source: Herron, Coleman, Dang, Spearot, & Homer, 2018).

These patterns can be used for two main applications: phase identification and orientation
imaging microscopy.
Phase Identification – Automated Indexing
EBSD can be used to determine the phase of a crystalline material at any point. Using the
Energy Dispersive Spectrometer coupled to the instrument, one can determine the chemical
composition of the material therefore determining a candidate list of phases to compare an
unknown Electron Backscatter Pattern.
The following figure shows the schematic designed by EDAX of how phase identification
is carried out. Once the sample is imaged using the SEM, simultaneous data is acquired using both
the EDS and EBSD detectors. The EDS spectrum is used to determine the chemistry of the sample
in question. The EBSD will collect the pattern, and the computer will detect these bands using the
Hough Transform. Using the chemistry of the sample and the achieved EBSD pattern, a candidate
list of phases will be overlaid onto the resulting EBSD pattern until a proper candidate is found.
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Figure 7: Schematic of the Phase Identification Process. (Source: EDAX).

Orientation Imaging Microscopy
Rather than projecting a single pattern from a single point of the sample onto the phosphor
screen for phase identification, Orientation Imaging Microscopy scans the entire surface of the
area, collecting the Electron Backscatter Pattern at each point. When the scan is complete, a colorcoded map is generated, depicting various crystal orientation and phases on the surface by different
colors. This allows for the collection of maps that provide information on texture, phase
distribution, strain, and grain boundaries (Maitland & Sitzman, 2015).
Comparisons to Other Instrumentation
Advantages
The importance of the EBSD detector attached to the SEM cannot be understated. The
ability for the analyst to study the morphology, chemical composition, and crystallographic data
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on a forensic sample is not as readily possible by other instrumentation, which makes this
technique extremely attractive across many fields of material characterization.
Although there are not many techniques that allow for the determination of crystal
structure, one of the most comparable techniques to EBSD is X-ray Diffraction.
The value of EBSD analysis being non-destructive is of utmost importance with forensic
samples. This is because other analysts, particularly on the opposing side of a case, may request to
conduct their own analysis of the sample. Having the sample with little to no change from its
original state as it was submitted as evidence, allows this to happen. This is beneficial if the
evidence is looked at years later, for any reason, such as re-testing with the same method, or
different method, especially when better technology becomes available.
Another advantage that EBSD holds over the traditional analyses using XRD is the fact
that it is a “spatially specific measurement technique” (Wright, Nowell, & Bingert, 2007). This
means that the analyst can pinpoint exactly where the crystallographic information is collected,
especially important in microstructure experiments. Commonly, the XRD powder technique is
employed for unknown analysis, which does not provide data at a specific location in a crystal.
Disadvantages
With the instruments used in this research project, this technique is only applicable to
crystalline materials, limiting the number of sample types that can be analyzed using this method.
Unfortunately, not all forensic samples are crystalline in nature. Luckily, many are and can be
analyzed using this EBSD.
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One of the biggest concerns about EBSD analysis is the need for tedious sample
preparation. This was almost the reason this project was not attempted, due to the lack of sample
preparation materials available to the author. However, this project has shown that depending on
the type of materials to be analyzed, sample preparation can be kept to a minimum, or ignored
entirely.
As EBSD is a surface technique, the state of the material may pose a problem on the amount
of information that can be gained. Unfortunately, without sample preparation, this often cannot be
controlled as forensic evidence may not be in pristine condition. Similarly, some sample
preparation techniques, such as carbon coating, may also interfere with the results. These effects
were studied in this research.
Review of the Literature – Electron Backscatter Diffraction in the General Sciences
Single Particles
The idea of phase identification of single crystalline particles was first shaped in 1999 by
Small and Michael in their paper titled “Phase Identification of Individual Crystalline Particles by
Electron Backscatter Diffraction”. Prior to their work, EBSD was used solely for the crystalline
phase determination of polished samples, which is why it grew in tremendous popularity in the
metallurgic sciences (Small & Michael, 1999).
In their study, Small and Michael analyzed various compounds of known composition. The
results of their study showed that quality patterns were obtainable from high-atomic numbered
particles of sizes as low at 0.3μm, consistent with patterns they would expect to have seen with a
larger, polished sample.
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One of the problems associated with background correction includes poor diffraction
patterns to result because of combined pattern formation due to the diffraction of other particles in
the sample or even the surface of the sample preparation. This superimposition of two diffracting
surfaces in one pattern can cause phase identification to be difficult, if not impossible.
Relating to particle size, their research shows that the quality of the pattern increases with
increased particle size. However, even at low quality images, (increased noise), pattern
identification was still attainable.
Lastly, their research looked at the effect of the samples atomic number on attaining quality
Electron Backscatter patterns. Research showed that particle identification was affected by atomic
number as those particles of similar size with higher atomic number, would create higher quality
patterns than those particles with lower atomic number.
The quality research that was completed in their study, has laid the groundwork for this
project. If phase identification of single crystalline particles is possible, then this can also be
applied to single mineral particles of forensic interest.
Conservation Sciences
In 2013, Gambirasi, Peruzzo, Bianchin, and Favaro discuss the application and importance
of EBSD to conservation science. In their paper, titled “Electron Backscatter Diffraction in
Conservation Science: Phase Identification of Pigments in Paint Layers”, researchers investigated
the ability for EBSD to help understand the crystalline compounds of pigments used in ancient
works of art (Gambirasi, Peruzzo, Bianchin, & Favaro, 2013). The importance of studies such as
this shed light on the history of how a painting was created and can also help to inform researchers
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and historians of the possible degradation that may occur and ways in which they can hope to
preserve works of art. Since the sample can be prepared to be analyzed not only for EBSD, but
also for SEM and EDS, makes this an attractive technique for conservators in order to be able to
gain as much information from an artistic piece, using only a small sample. Although their study
only analyzed the ability to correctly index two pigments (azurite and cinnabar), the results will
most likely lead to more conservation research. Its applicability to future forensic paint
examination is indicated.
Geological
The use of EBSD in analyzing metals is well understood. Metals comprise some of the
easiest materials to analyze with EBSD because they are mostly naturally conductive, a necessity
for the SEM. The idea to analyze metals using EBSD was built on the fact that microstructure and
crystal orientation of a material will influence both the structure and function of a material. If there
is a fault in the microstructure of a material, this can have a detrimental effect on the function of
the material itself. A great example explaining this is looking at the crystal orientation of metal
across the surface of carabiners. This research was conducted by researchers at EDAX and shows
how the strength of the carabiner varies depending on the crystal orientation of the microstructure.
Obviously, the strength and possible failure of carabiners are important, especially to those who
rely on the tool to keep them from plummeting to the Earth when rock climbing. With the use of
Orientation Imaging Microscopy, one can see how the structure may impact failure (EDAX, 2015).
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Review of the Literature: Electron Backscatter Diffraction in Forensic Science
Physical Matching of Metals
The only mention of EBSD in the most well-known forensic journal, The Journal of
Forensic Sciences, is an article written by Lograsso in 2015, titled “Physical Matching of Metals:
Grain Orientation at Fracture Edge” (Lograsso, 2015). This article delves into the application of
EBSD used as a physical matching tool. The ability to complete a physical match of two materials
is considered the highest type of individualization one can achieve when determining if two pieces
of material share a common origin. This research shows that not only can EBSD help to increase
the confidence one has in a physical match, but also make an association possible when it is not
physically observed. This result is possible by looking at grain orientation using Orientation
Imaging Microscopy across the boundary of two materials.
Serial Number Restoration
The only other way in which EBSD has been applied to forensic science is in serial number
restoration. Obliterated serial number restoration is of huge importance to criminal investigations,
and therefore of interest to forensic scientists. Often, when in the hands of a criminal, individuals
will try their best to hide any identifying marking on the firearm, so that it cannot be traced back
to them. By law it is required that the serial number be present in either the receiver or frame of
the firearm, just as vehicles are marked in various areas with unique vehicle identification numbers.
To mask this number, individuals will sometimes destroy the surface of where the number
appears until it is no longer visible to the naked eye. This is often accomplished by scratching,
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filing, grinding, drilling, or over-stamping. Whichever method used; it is often not enough to truly
hide the serial number past the surface.
However, upon careful examination, it is found that when stamping “the crystalline
structure of the metal is compressed, deformed, and partially fractured, not only in the indentations
themselves, but for a considerable distance in the apparently unaltered metal below the bottom of
the indentations” (Kirk, 1974). So long as the apparently unaltered metal is still present, restoration
is possible. The task of forensic scientists in these cases is to reveal this number underneath the
scratches. This is often completed by what is called the etching method, where a series of chemicals
is used to erode top surfaces until the lower surfaces are revealed, hopefully, containing the serial
number information. The idea behind the use of the chemical etching method is “the stamped,
weakened area dissolves faster than the surrounding unstamped area, and this reveals the pattern
of the characters” (Houck, Siegel, 2006).
The above procedure is costly, time consuming, and requires a great deal of skill by the
scientist. In 2010, Necker and Forsyth devised a plan to utilize EBSD as a method to visualize
obliterated serial numbers from firearms instead of using the traditional etching method. The
theory behind this idea involves the fact that EBSD is a surface technique which analyzes crystal
structure along a surface of a material. Because the stamping of serial numbers on firearms alters
the crystal orientation of the metal, it is possible to reveal the serial number after polishing the
surface of the firearm (Necker & Forsyth, 2010).
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Figure 8: A piece of stainless steel that has been stamped (a) and polished to obliterate the stamp (b) to mimic serial number
defacing. (Source: White & Keller, 2015).

Figure 9: The restoration of the stamped area using EBSD pattern mapping. (Source: White & Keller, 2015).
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CHAPTER 3: CRYSTALLOGRAPHY
Crystallography
Crystals are characterized by the ordered arrangements of atoms throughout their structure.
This differs from non-crystalline materials which lack repeating order in their arrangement of
atoms, such as amorphous materials. Most metals and minerals are a common example of
crystalline materials. It is this structure that can help define certain properties of the crystal
substance.
Crystallographic data plays an important role in the characterization and identification of
materials. However, the availability of this crystallographic data, specifically when it comes to the
identification of an unknown material, was not always readily available. In 1948, a group at the
Armour Research Foundation began collecting this data and eventually developed a punched-card
system, which allows analysts to record and search for important properties of substances
(McCrone, 1956). Luckily, prior to this research, publication of this type of information is readily
available in a variety of sources, negating the need to look through punched cards.

Figure 10: Front and Back of a Punch Card for Tabulation of Crystallographic Data. (Photo by author).
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Crystal Systems
There are seven crystal systems which describe all possible arrangements of atoms, planes,
and angles in between, in a crystalline material: triclinic, monoclinic, orthorhombic, trigonal,
tetragonal, hexagonal, and cubic.

Figure 11: Crystal Systems. (Source: https://www.britannica.com/science/triclinic-system accessed March 3rd, 2022).

The following figure shows examples of EBSD patterns taken from minerals of each of the
seven crystal systems throughout this study.
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Figure 12: Electron Backscatter Diffraction Patterns for each of the Seven Crystal Systems. (Photo by author).

If the mineral does not fall into one of the seven crystal systems, it is amorphous.
Amorphous materials lack the repeating structure defining it as a crystal. Examples of amorphous
minerals that are examined in this study include obsidian, opal, and pumice.
Bragg’s Law
The Bragg Equation, formulated by Lawrence Bragg in 1913 represents the relationship
between atomic planes in a crystalline material and some form of energy, whether it be X-rays,
light, or electrons. The interaction of the diffracting crystal and the source cause constructive and
destructive interference which can be collected to produce a pattern called a diffraction pattern.
The pattern exists due to the satisfaction of the Bragg Equation:
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nλ = 2dhklsinθ
Equation 1: Bragg Equation

where n is the integer, λ the wavelength of radiation, d the spacing between the atomic planes in
the sample, and θ the angle of incidence.
Polymorphism
Polymorphism is a property wherein two or more materials are composed of the same
chemical compound but exhibit different crystal structures. This property was first discovered by
Mitscheslich who showed that calcite and aragonite, both are composed of CaCO3, but have
different crystal structures (Wenk & Bulakh, 2004). For geologists, this can help determine how
minerals were formed. Additionally, and importantly for this research, studying the different
crystal structures can help to identify the minerals, when chemical data alone is not enough to
differentiate them. Polymorphic pairs such as: anatase, brookite, and rutile (TiO2); opal and quartz
(SiO2); aragonite and calcite (CaCO3); and orthoclase and microcline (KAlSi3O8), will be studied
in this research.
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CHAPTER 4: ENERGY DISPERSIVE SPECTROSCOPY
Theory
X-ray microanalysis is a common technique for determining the elemental composition in
a sample. Its ability to be coupled with an SEM allows the user to determine the elemental makeup
of a target area or entire area of a specimen.
In the SEM, a sample is bombarded with high-energy electrons. A cascade of events takes
place when the high-energy electrons from the electron gun interact with the specimen. The
electrons hitting the sample can cause the excitation of an inner-shell electron, dislodging the
electron from its orbit. This will ionize the sample and leave the orbit with an empty space to be
filled. An electron from a higher orbital will fill the vacancy of the inner orbital. Upon this filling
of the vacancy, energy will be released in the form of an X-ray which will be equal to the energy
difference between the higher orbital and the inner orbital. The X-ray, or X-rays, have the property
of being unique to the element from which it was generated. Appendix VIII outlines the specific
energies of the X-rays emitted from all elements.

Figure 13: Representation of X-ray formation in an atom. X-ray enters the atom, dislodging an inner-shell electron, leaving in its
place an electron hole. Electrons from higher orbitals fill this electron hole and, in the process, release energy in the form of Xrays. (Source: https://www.shimadzu.com/an/elemental/edxrf/edx7000_8000/index.html accessed November 11th, 2019).
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Instrumentation
Energy-dispersive spectrometers collect the sample’s resulting X-rays and convert the
individual X-ray energy to a voltage pulse processed by a multi-channel analyzer and eventually
displayed, the amplitude of the pulse which will show the energy of the X-ray. For this research,
an energy-dispersive spectrometer was used and will be discussed further.
An X-ray spectrum is represented by intensity (counts) and energy (keV). Two types of Xrays are produced, characteristic and continuum (Bremsstrahlung). In an SEM the Bremsstrahlung
or braking radiation is formed by the deceleration of electrons as they hit the target and produce a
continuum of background radiation on the resulting spectrum. For qualitative analysis, one can
easily determine the elements present in a sample based on the energy of the peaks present of the
characteristic X-rays produced compared to the known values (see Appendix VIII, EDAX Periodic
Table Reference). A spectrum can be obtained from a single point or a map of an entire area,
depending on the sample to be analyzed.

Figure 14: Bremsstrahlung Radiation vs. Characteristic X-rays. (Source:
https://study.com/cimages/multimages/16/spectrum_2.png accessed January 25th, 2022).
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Depending on the software used, the ability to determine qualitative and quantitative data
from a sample can be presented in various ways for any analysis. For example, X-ray mapping can
allow the analyst to overlay chemical composition and specimen image to visually represent the
elemental composition of the entire surface of the sample.
The attractiveness of elemental analysis by X-ray spectroscopy stems from its ability to be
mostly non-destructive on the sample. This allows further analysis of a sample, if need be, by other
techniques or individuals, without destroying the evidence. This is specifically important when it
comes to evidence that is forensic in nature as often sample quantities are limited and the ability
of getting more is out of the question.
Review of the Literature
The History of Energy-Dispersive Spectroscopy in Forensic Science
One of the most known forensic uses of the coupled scanning electron microscope and
energy-dispersive spectroscopy technique is the analysis of possible gunshot residue cases. During
an investigation, it may be a question as to whether an individual or surface was in the vicinity of
a discharged firearm. To determine this, scientists often look for the three-component particle,
composed of barium, antimony, and lead, the main constituents of primer residue in many
ammunition types (Kubic, 2003).
The detection of the three-component elements found in gunshot residue (antimony,
barium, and lead) using X-ray microanalysis or other bulk analysis method, is not enough to
definitively state that gunshot residue is present. The presence of these elements can be found in
automobile brake pads, fireworks, and other instances where the discharging of a firearm was not
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the cause (Comanescu, Kubic, & Millett, 2019). One way to state that the sample is positive for
gunshot residue is to look at the structure of the three-component particle, made possible by
imaging with the SEM. The spherical particle, containing these three elements is a unique
characteristic associated with gunshot residue. Having these two instruments coupled together,
SEM and EDS, allow the analyst to determine both structure morphology and elemental
composition to make a statement as to the probability of gunshot residue presence.
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CHAPTER 5: SCANNING ELECTRON MICROSCOPY
Theory
The scanning electron microscope allows magnification of a sample, as in ordinary
microscopy, except it uses an electron beam as the source instead of ordinary light, which moves
across the surface of the sample in a raster pattern. This allows for magnifications and increased
depth of field that are much higher than are possible with light microscopes (Guarrera, 2016). The
electrons are generated in the electron gun by the heating of a cathode (for example, tungsten)
accelerated, condensed, conditioned, and then rastered across the sample. These electrons interact
with the sample and cause the formation of secondary electrons, backscatter electrons, Auger
electrons, and X-rays.
Instrumentation
The microscope can be equipped with multiple detectors to detect the electrons, X-rays,
and light formed from the interaction of the electron beam and the sample. The detectors that will
be used for this research will be discussed.
The Secondary Electron detector of the scanning electron microscope is helpful in
topography and surface morphology studies. The electrons from the electron gun penetrate only a
few microns into the sample volume making it an ideal surface characterization tool. These low
energy (<50 eV) secondary electrons are formed when the beam inelastically interacts with the
sample. This Everhart-Thornley type of detector attracts the negatively charged electrons to the
positively biased scintillation detector and are guided to a photomultiplier.
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Figure 15: Tescan Secondary Electron Detector. (Source: https://www.tescan.com/en-us/technology/detectors/se-detectors
accessed May 9th, 2019).

Backscattered Electrons on the other hand are of high energy (>50 eV) and are generated
when the electrons from the beam elastically interact with the sample. These electrons are collected
by this Robinson BSE detector. Backscattered electrons are emitted from a much greater depth of
the sample than the secondary electrons. The number of backscattered electrons formed is known
as the backscatter coefficient and is dependent on the atomic number of the sample. Contrast in
the final image is a result of high atomic numbered areas of the sample appearing brighter than
those areas with low atomic number.

Figure 16: Tescan Backscatter Electron Detector. (Source: https://www.tescan.com/en-us/technology/detectors/bse-detectors
accessed May 9th, 2019).
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When bombarded with electrons, materials will enter a higher, or excited energy state.
Upon relaxing to the ground state, materials can emit photons of various wavelengths in the visible,
ultraviolet, and infrared region of the electromagnetic spectrum. This emission of light, or
luminescence, can be captured by the cathodoluminescence detector. The emission of
characteristic wavelengths and their detection can be of added value to the analysis of a material.

Figure 17: Tescan Cathodoluminescnce Detector. (Source: https://www.tescan.com/en-us/technology/detectors/cl-detectors
accessed May 9th, 2019).

Figure 18: Comparison of Copper Aluminum Grid Standard Imaged with the Backscatter Electron, Secondary Electron, and
Cathodoluminescence Detectors. (Photo by author).
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Review of the Literature
The Scanning Electron Microscope in Forensic Science
As discussed previously, the SEM has long been used in conjunction with energydispersive spectroscopy to analyze samples for the presence of gunshot residue. With the help of
the high magnification from the SEM and the elemental composition data acquired from the EDS,
scientists can analyze samples, often stubs from suspected shooter’s hands or surfaces, to locate
the characteristic spherical (SEM) particle containing barium, antimony, and lead (EDS). Although
possibly the most common use of the SEM in the forensics laboratory, this is only one of many
applications the scanning electron microscope offers to forensic science (Kubic, 2003).
One should never overlook the importance of looking at the sample, whether it be of
forensic importance or not. For this reason, the scanning electron microscope is commonly used
as a searching tool for minute traces of materials on evidence. Due to its high magnification, nondestructive nature, and images appearing in three dimensions, many laboratories include the
scanning electron microscope as part of their initial analysis of a sample.
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CHAPTER 6: OTHER INSTRUMENTATION
Microscopy
Stereomicroscopy
The stereomicroscope is often considered the first instrument of choice by many forensic
analysts, after a simple magnifying lens and the naked eye. The stereomicroscope has the
advantage of allowing the analyst to visualize samples in a three-dimensional space. This is
because the stereomicroscope has two optical paths, allowing for the sample to be viewed in three
dimensions. The stereomicroscope also has the advantage of a large working distance, allowing
large pieces of evidence to be viewed with ordinary magnifications ranging from 1 to 100 times
the original object’s size. This is specifically important when it comes to searching for materials
on an objects surface.
Polarized Light Microscopy
Polarized light microscopes, in the most basic sense, are ordinary compound microscopes,
equipped with two polarizing filters and a rotatable stage. One polarizing filter is placed before the
sample, called the polarizer, and the other is placed after the sample, termed the analyzer. If only
the polarizer is in the path of light, the sample is said to be illuminated with plane-polarized light,
that is, with light vibrating in only one direction. If both polarizing filters are placed along the light
path of the microscope, the analyzer is inserted; they can be rotated so that their vibration directions
are in opposing directions, most often the analyzer in the north-south direction and the polarizer
in the east-west direction. With these additions, the microscope is not only capable of achieving a
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magnified image of a sample, but also allows the determination and calculations of other optical
properties.
The polarized light microscope is also fitted with a Bertrand lens and accessory slot below
the ocular. The accessory slot allows for the addition of compensator plates into the path of light.
The Bertrand lens can also be inserted into the path of illumination, allowing the microscopist to
observe the image at the back focal plane of the objective, and therefore visualize the conoscopic
images and associated interference figures. These observations allow for examination of materials
that are crystalline in nature and determination of their optical properties unique to their
identification such as refractive index, birefringence, extinction angle, pleochroism, and others can
be helpful in making a mineral identification.

Figure 19: Pleochroic Tourmaline (200x). Viewed under plan polarized light and rotated 90 degrees to the polarizer.
Perpendicular (light pink) Parallel (dark blue gray). (Photo by author).

Infrared Spectroscopy
Forensic Uses of Infrared Spectroscopy
Infrared spectroscopy (IR) has long been used as an instrument for forensic analysis, due
to its versatility in samples it can analyze, non-destructively and rapidly. Drugs, fibers, paint, and
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rubber are just a few of the many materials analyzed using infrared spectroscopy in the forensic
laboratory and can further be compared to many commercially available databases.
Infrared Spectroscopy is the measurement of absorbed infrared radiation by the molecular
vibrations of a sample. The resulting spectrum will account for the presence of functional groups,
aiding in the identification of the species being analyzed.
Attenuated Total Reflection, or ATR, is a sampling technique for infrared spectroscopy.
The infrared beam from the source is directed towards a highly refractive crystal (in this research,
diamond is used), and placed in contact with the sample. When the light beam enters an infraredtransparent crystal, a series of reflection and transmission points will be made where the crystal
meets the sample due to differences in refractive index. At each crystal-sample interface, light will
propagate a small amount into the sample, termed the evanescent wave, where the infrared beam
can be slightly absorbed depending on wavelength and therefore attenuated or reduced. The final
attenuated beam exiting the crystal, having interacted with the sample, is then directed towards the
detector, resulting in an infrared spectrum, providing information about the sample.
There are many advantages to using the ATR technique including being able to obtain an
infrared spectrum from a thick or strongly absorbing samples. For this research, its ease of use
including minimal sample preparation is the most superb feature.
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CHAPTER 7: MINERALS
Importance of Minerals as Forensic Evidence
“The occurrence of earth-related particles such as minerals, pollen/spores, and organic
matter together with anthropogenic material on evidential items can help to establish their
provenance, contributing to both intelligence and evidential stages of forensic investigations”
(Rawlins, Kemp, Hodgkinson, Riding, Vane, Poulton, & Freeborough, 2006).
Minerals find a multitude of uses in everyday life as will be observed in this study.
Forensically, their prevalence and identification as the major inorganic portion of soil and sand
samples is possibly the most important. Although there are many ways to analyze soil, mineral
analysis is just one small segment of analysis. Comparing mineral profiles of samples can help
analysts make associations known and questioned evidence.
This also lays the groundwork of the field of forensic geology, also called geosourcing and
geoforensics. Forensic geology looks at the composition of soil to make associations between soil
samples and geographical locations, primarily based on mineral distributions. This field has helped
investigators to determine the precise location of previously unknown crime scenes. Currently,
forensic databases are being developed across the world, many using the non-forensic soil
databases such as The National Geographic Map Database made by United States Geological
Survey as a guide.
Cases Involving the Study of Minerals
During World War II, Japan began using balloon bombs, carried by wind currents, to North
America. The threat of these unmanned bombs birthed the Sunset Project to investigate these
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bombs. The Sunset Project was put into place by the Fourth Air Force in April 1945 to detect and
stop these balloons from entering the United States. Part of this project was to determine exactly
where these balloons were originating from. Using geologists from both the United States and
Canada, the ballast (sand) of the balloons was studied. From the analysis, morphology and mineral
content determined that the sand came from a coastal area, and the presence of slag determine this
coastal area was near a blast furnace. Using aerial photographs, a location was found, with balloons
present. The mineralogical study of the sand helped to find this location. Luckily, the Sunset
Project was put to an end in August 1945, due to the halt of this type of attack by Japan (Mikesh,
1973).
Methods for Analyzing Minerals in Forensic Science
There are many ways in which minerals are studied today which include microscopy,
infrared spectroscopy, SEM, energy dispersive spectrometry, and X-ray diffraction. This research
aims to investigate the ability to add EBSD to the list of methods available for mineral analysis,
whether to add complementary information to these other techniques or to replace older methods.
Microscopy
Polarized light microscopy can assist in the identification of minerals by the observation
of optical properties and is possibly the most common way to do so (Heinrich, 1965). These include
characteristic color, pleochroism, refractive index, birefringence, extinction, sign of elongation,
interference figures, and crystal structure. The trained optical mineralogist is hard to find in many
forensic laboratories and is one of the reasons mineral analyses is seldomly done there today. The
Particle Atlas: An Encyclopedia of Techniques for Small Particle Identification, available in print
and electronically, is a collection based primarily on the microscopic identification of small
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particles, has for decades helped scientists identify unknown particles, for forensic, geological, or
industrial applications (McCrone & Delly, 1973). Each entry, if available, contains information on
a material from elemental composition to optical properties, containing SEM, EDS, and IR data.

Figure 20: The Particle Atlas Collection. (Photo by author).

Infrared Spectroscopy
Infrared spectroscopy provides a great tool for the non-destructive study of mineral
fragments commonly found in soil and other trace evidence samples. In Weinger, Reffner, and De
Forest’s 2009 article titled “A Novel Approach to the Examination of Soil Evidence: Mineral
Identiﬁcation Using Infrared Microprobe Analysis”, the IlluminatIR™ II with a Diamond-ATR
infrared microscope objective was used to study the possibility of discriminating mineral samples
based on their infrared spectra.
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One of the advantages to using this instrument for the study of minerals is the ability to see
the sample as it contacts the diamond ATR objective. An important point made in this article is
the use of an immersion oil as a mount for the mineral samples. This prevents the sample from
being cracked and pushed out of the way of contact. With this method, the authors were unable to
differentiate some minerals from one another, some of which will be studied in this research.
SEM-EDS
A large quantity of information about minerals can be determined by using SEM-EDS.
Morphology can help scientists differentiate between minerals that originate from water or dry
lands, based on the surface features present in mineral samples, observed using the SEM. Studies
have shown that exclusions based on comparison of quartz mineral grains by morphology is
possible in forensic investigations (Bull & Morgan, 2006).
X-Ray Diffraction
X-ray diffraction is a very popular and versatile technique used to analyze various types of
forensic evidence such as: paint, cosmetics, drugs, explosives, gunshot residue, polymers, and
minerals. X-ray diffraction is possibly the most common technique used to analyze the mineral
fragment of soil samples qualitatively and quantitatively. Being non-destructive, allowing for the
analysis of extremely small samples, make it a very desirable technique for valuable forensic
samples. The diffraction patterns of a multi-crystalline sample can be recorded and compared to
standard references, such as the ICDD Powder Diffraction File.
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Figure 21: Mineral Powder Diffraction File, ICDD. (Photo by author).

The mineral fraction of soil is not only important in forensic investigations, but to learn
about the properties of soil for applications such as farming. Many organizations across the globe
see the importance of the mineral fragments of soil, leading to the start of databases such as the
National Soil Inventory of Scotland (NSIS) and the Africa Soil Information Service (AfSIS) which
upload XRD data on soil from various locations. “Since many soil properties are closely related to
soil mineralogy, such databases present unique opportunities to advance the understanding of the
role of soil minerals in governing or influencing many soil properties, processes, and functions”
(Hillier & Butler, 2018). The applicability of expanding this research and data collection for
forensic purposes is outstanding.
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CHAPTER 8: RESEARCH DESIGN
Research Location
Research for this project has been carried out in two different facilities: John Jay College
of Criminal Justice located in New York, New York, and EDAX Inc., a division of Ametek, located
in Mahwah, New Jersey. EDAX is the manufacturer of EDS and EBSD equipment used at John
Jay College of Criminal Justice.
Research Design
There are five major portions of this research.
1. The first step in this research project is to determine the correct operating procedures to
follow to get the best information possible. This will be completed by a study which will
include varying parameters of the instrument. This includes looking into the effect of
voltage, sample tilt, working distance, binning, and carbon coating on the resulting EBSD
pattern.
2. Mineral samples are obtained from variety of different sources. Their SEM images, EDS
spectrum, and EBSD pattern will be collected to study the technique’s ability to analyze
these minerals.
3. After all SEM, EDS, and EBSD data were obtained for the mineral samples, a study was
conducted on looking at the ability of the technique to distinguish between mineral
polymorphs. Comparison with PLM and IR data will be reviewed.
4. Next, the technique is evaluated for its ability to identify precious gems, pearl and
diamond, for authentication purposes.
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5. Lastly, the technique will be used to analyze a real case sample, for its ability to identify
minerals in a rock composite sample, collected during a forensic investigation, submitted
to Thomas A. Kubic and Associates Forensic Consulting Company.
Table 1: Research Design

Instrument
Parameter Study

Reference
Material Sample
Procurement

•Cargille
•Ward’s
•Smithsonian
Scanning Electron
Microscopy

•Imaging

Energy Dispersive
Spectroscopy

•Elemental Information

Electron
Backscatter
Diffraction

•Crystallographic Information

Infrared
Spectroscopy and
Light Microscopy

•Comparison to
Traditional Methods

Polymorph
Study

•ATR
•EDS
•EBSD

Gem Study

•Diamond
•Pearl

Validation
Study
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•Forensic
Case
Sample

Instrumentation Used in This Study
Stereomicroscope
Nikon SMZ645

Figure 22: Nikon SMZ645 Stereo Microscope. John Jay College of Criminal Justice. (Photo by author).

Polarized Light Microscope
Leica DM750P

Figure 23: Leica DM750P Polarized Light Microscope. John Jay College of Criminal Justice. (Photo by author).
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Infrared Spectrometer – Durascope ATR
Thermo Scientific Smart Durascope ATR attached to Thermo Scientific Nicolet 6700 FTIR
and NXR FT-Raman Module.

Figure 24: Benchtop Thermo Smart Durascope ATR attachment, Nicolet 6700 FTIR, and NXR FT-Raman Module. John Jay
College of Criminal Justice. (Photo by author).

Figure 25: Thermo Smart Durascope ATR attachment. John Jay College of Criminal Justice. (Photo by author).
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SEM, EDS, EBSD Instrumentation (John Jay College – New York, NY)
Scanning Electron Microscope - Tescan Vega 3 Pegasus XMU (No. VG11001373US).
Energy Dispersive Spectrometer - EDAX Octane Pro (No. 4119).
Cathodoluminscence Detector - No. Hidden
Electron Backscatter Diffraction Detector - EDAX DigiView (No.4375)

Figure 26: SEM Instrumentation. John Jay College of Criminal Justice. (Photo by author).
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Figure 27: SEM Chamber View, John Jay College of Criminal Justice. (Photo by author).

Figure 28:SEM. Backscatter Detector, Cathodoluminescence Detector, Energy Dispersive Spectrometer Detector, and Electron
Backscatter Diffraction Detector in view. John Jay College of Criminal Justice. (Photo by author).
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Figure 29: SEM. Back view- Backscatter Detector, Cathodoluminescence Detector, Energy Dispersive Spectrometer Detector,
and Electron Backscatter Diffraction Detector in view. John Jay College of Criminal Justice. (Photo by author).

SEM, EDS, EBSD Instrumentation (EDAX - Mahwah, NJ)
Scanning Electron Microscope – Zeiss Gemini
Energy Dispersive Spectrometer - EDAX Octane Elite Plus
Electron Backscatter Diffraction Detector – EDAX Velocity
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Figure 30: SEM Instrumentation. EDAX. (Photo by author).

Figure 31: SEM Chamber View of stage. EDAX. (Photo by author).
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Figure 32: SEM Chamber View of stage. EDAX. (Photo by author).

Software Used in This Study
•

Vega 3 Control Software Version 4.2.22.0 (2015). Scanning Electron Microscope
program.

Figure 33: Screen Shot of Vega 3 Control Software.
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•

TEAM™ (Texture and Elemental Analytical Microscopy) Enhanced Version
V4.4.4 (2015). For Energy Dispersive Spectrometry and Electron Backscatter
Diffraction data acquisition

Figure 34: Screenshot of TEAM Software for EDS and EBSD Data Collection.

•

Spectrum Viewer Version 4.6: EDAX, Inc. (2006) was used to view and import
spectra onto any computer and documents.

Figure 35: Screen Shot of Spectrum Viewer.
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Sample Procurement
Minerals for this study were obtained in a variety of ways, to get a reasonable
representation.
A reference set of comminuted minerals was purchased from Cargille, which contained
most of the minerals that were analyzed in this study. (Cargille Reference Number M-4.
Comminuted Minerals. Lot Number 0989. Quantity 60 vials -- 1/2 cc each (-100+200 mesh)). One
limitation of these minerals is that they are not traceable from Cargille.

Figure 36: Cargille Reference Set. Set Number M-4. Comminuted Minerals. Lot Number 0989. Quantity 60 vials -- 1/2 cc each (100+200 mesh). (Photo by author).

The Smithsonian Institution, part of the National Museum of Natural History’s Mineral
Science Department has in its collection, many mineral and rock samples available for loan. After
contacting Tim Rose the Department of Mineral Sciences Analytical Laboratories Manager, I was
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able to obtain fourteen reference minerals which were requested based on their prevalence in soil
samples (Registration Number 2088471).

Figure 37: Samples received from the Department of Mineral Sciences, Smithsonian Institution; Washington, D.C. (Photo by
author).

Lastly, samples were also obtained from Ward’s sciences (Wards Powdered Mineral
Collection 45 E 3295).
Below is a table outlining the ninety minerals studied in this research. Any available
information on where the sample was obtained, and any other identifying feature, is also included.
Table 2: Minerals included in this study.

Mineral

Location or Company

Catalog No.

Actinolite

Gouverneur, Saint Lawrence Co., New York, USA (NMNH)

NMNH B18736 00

Albite

Cargille Labs

Almandite (Garnet)

Cargille Labs
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Amblygonite

Cargille Labs

Anatase

Cuiaba, Gouvela, Minas Gerais, Brazil

Andalusite

Connacht, Ireland (NMNH)

NMNH 114974 02

Andesine

Allard Lake, Quebec, Canada (NMNH)

NMNH 166491 00

Anhydrite

Cargille Labs

Anorthite

Great Sitkin Island, Alaska, USA (NMNH)

NMNH 137041

Anorthite (var. bytownite)

Crystal Bay, Minnesota, USA (NMNH)

NMNH R2912 00

Apatite

Cargille Labs

Aragonite

Cargille Labs

Asbestos Fibers, Long

Cargille Labs

Augite

Cargille Labs

Azurite

Cargille Labs

Barite

Cargille Labs

Bauxite

Cargille Labs

Beryl

Cargille Labs

Biotite

Cargille Labs

Brookite

Kharan District, Balochistan Province, Pakistan

Calcite

Cargille Labs

Cassiterite

Cargille Labs

Celestite

Cargille Labs

Chalcopyrite

Ward's Science

Corundum

Cargille Labs

Corundum, Var. Emery

Cargille Labs

Cryolite

Cargille Labs

Cyanite

Cargille Labs

Diamond

Found ring

Diopside

Natural Bridge, Jefferson Co., New York, USA (NMNH)
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NMNH 117733

Dolomite

Ward's Science

Enstatite

India (NMNH)

Epidote

Cargille Labs

Fluorite

Cargille Labs

Glauconite

Cargille Labs

Graphite

Ward's Science

Gypsum

Cargille Labs

Halite

Ward's Science

Hematite

Ward's Science

Hornblende

Cargille Labs

Hypersthene

Norway (NMNH)

Ilmenite

Ward's Science

Jasper

Ward's Science

Kaolin

Cargille Labs

Kaolinite - powder

Ward's Science

Kyanite

Ward's Science

Labradorite

Cargille Labs

Lepidolite

Cargille Labs

Magnetite

Ward's Science

Malachite

Cargille Labs

Marcasite

Chocaya Mine, Bolivia (NMNH)

Microcline

Cargille Labs

Monazite

Cargille Labs

Muscovite

Ward's Science

Nephelite

Cargille Labs

Obsidian

Cargille Labs

Oligoclase

Hawk Mine, North Carolina, USA (NMNH)

NMNH 174377 00

NMNH 118427 00
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NMNH 114353 00

NMNH 80165 01

Olivine

Cargille Labs

Opal

Cargille Labs

Orthoclase

Cargille Labs

Pectolite

Cargille Labs

Plagioclase

Ward's Science

Prehnite

Cargille Labs

Pumice

Cargille Labs

Pyrite

Ward's Science

Quartz

Cargille Labs

Rhodochrosite

Cargille Labs

Rhodonite (Fowlerite)

Cargille Labs

Rutile

Cargille Labs

Scheelite

Cargille Labs

Serpentine

Cargille Labs

Siderite

Cargille Labs

Sodalite

Cargille Labs

Sphalerite

Cargille Labs

Spinel

Sri Lanka (NMNH)

Spodumene

Cargille Labs

Staurolite

Fannin, Georgia, USA (NMNH)

Steatite

Cargille Labs

Talc

Cargille Labs

Thaumasite

Cargille Labs

Titanite

Baja California, Mexico (NMNH)

Topaz

Cargille Labs

Tourmaline

Cargille Labs

Tremolite

Cargille Labs

NMNH 104569 00
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NMNH 117183-12

NMNH 121633

Vermiculite

Ward's Science

Vesuvianite (Californite)

Cargille Labs

Wollastonite

Cargille Labs

Zincite

Cargille Labs

Zircon

Cargille Labs

Zoisite

Tanzania, Africa (NMNH)

NMNH 126029 00

Sample Preparation
Mounting Procedure
Mineral samples are prepared by placing a small amount of powder-sized minerals onto an
aluminum stub (Ted Pella, Inc. Specimen Mounts, Aluminum 12.7mm, 6mm pin, Zeiss, Product
No. 16111-9) with carbon tape (Ted Pella, Inc. Spectro Tabs, Carbon Conductive Double Coated,
12mm Diameter, Product No. 16084-4). To control the size of the mounted samples, Endecott
sieves were used and only the 90-180µm fraction applied.
Rock samples are prepared by placing the sample onto an aluminum specimen mounts with
carbon conductive tape. The edges of the sample and surrounding tape were then painted with
colloidal silver liquid (Ted Pella, Inc. Colloidal Silver Liquid, Product No. 16034, Lot No.
158722802) or carbon paint (SPI Conductive Carbon Paint (Colloidal Graphite in Isopropanol20% Solids), Product No. 05006-AB, Lot No. 1160503).
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Figure 38: Endecott Sieves: 90, 180, 270, 500µm. (Photo by author).
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CHAPTER 9: INSTRUMENT CALIBRATION
Eyepiece Calibration
Polarized Light Microscope
To make measurements of diameter or other linear distances using the polarized light
microscope, a microscope equipped with an ocular scale reticle is used. This ocular scale contains
one hundred arbitrary divisional units which must be calibrated. To calibrate the ocular scale,
(assigning of known values to the arbitrary units), a stage micrometer is used. The stage
micrometer is a scale with known divisions (1 division = 0.01 mm = 10 µm).

Figure 39: Ocular Scale of 10x ocular lens (top) and Stage Micrometer (bottom) of 10x objective lens (1 stage micrometer
division = 0.01mm = 10 µm) on BX-41 Polarized Light Microscope. (Photo by author).

When the stage micrometer is superimposed with the ocular micrometer, one can determine
the exact size per ocular scale division by dividing the known dimensions (number of divisions
and measurement of each) by the number of arbitrary divisions. One must calibrate the ocular scale
with each objective and ocular combination used.
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Once the ocular scale is calibrated, one can place a sample onto the stage of the microscope
and simply count the number of ocular divisions to determine the size of linear measurements.
Table 3: Calibration calculations for BX-41 Polarized Light Microscope using a 10x ocular lens. Calculation: 1 ocular division
= number of scale micrometer divisions (SMD) x 10 µm / number of ocular scale division (OCD).

Objective
4
10
20
40

Calculation
100 SMD x 10 µm / 40 OSD
100 SMD x 10 µm / 100 OSD
50 SMD x 10 µm / 100 OSD
25 SMD x 10 µm / 100 OSD

1 Ocular Division =
25 µm
10 µm
5 µm
2.5 µm

Calibration
EDS Spectrum Calibration
Spectrum calibration of the EDS is performed weekly to ensure the detector is performing
optimally, ensuring the peaks are being identified within the limits of the system. To determine
the accuracy and to check the calibration, copper mesh reference grids (Asbestos References Index
Grids. 200 Mesh, Copper. Product Number 79015. Lot 72056. Ted Pella, Inc.) were mounted onto
an aluminum stub using conductive carbon paint. These copper mesh grids are designed to help
locate small particles in samples by using an alfa-numeric coded grid to view in the SEM or TEM.
Spectra were obtained from both the copper and aluminum areas of the stub and compared to
reference values. Target peaks for copper are 8.040 and 0.930. The target peak for aluminum is
1.486. System will complete calibration if the target peaks are within range to those listed values.
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Figure 40: Copper Reference Index Grid mounted onto an Aluminum Stub with Conductive Carbon Paint. Used for determining
the accuracy of EDS. (Photo by author).

Figure 41: Schematic of copper mesh grids. (Source: https://www.tedpella.com/grids_html/ref-find.htm#micron accessed May
13th, 2020).
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Figure 42: SEM Image of Copper and Aluminum Standard.

Figure 43: Calibration with Copper and Aluminum.
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EBSD Calibration
To determine the accuracy of the EBSD detector, a polished nickel sample (Inconel® 600),
provided by EDAX, was mounted onto an aluminum stub using carbon tape. Indexing was
compared to literature.

Figure 44: Nickel Standard Obtained from EDAX mounted on an aluminum stub with carbon tape. (Photo by author).

Figure 45: SEM Image of a Nickel Standard obtained from EDAX. (Photo by author).
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Figure 46: SEM Image- Nickel Standard. (Photo by author).

Figure 47: Nickel (Cubic) Correctly Indexed, CI: 0.82, FIT: 0.6.
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Infrared Spectrometer Calibration
For use with the Durascope ATR attachment, a polystyrene standard is used to check the
wavenumber calibration of the instrument prior to each use.

Figure 48: Polystyrene Calibration Film, International Crystal Laboratories. (Photo by author).
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Figure 49: Polystyrene Standard Spectrum.
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CHAPTER 10: PARAMETER STUDY
SEM Optimization
Settings for the SEM are sample dependent. Detector application is dependent on image
preferences. Magnification and working distance are dependent on original sample size. Sample
properties will determine the voltage of the electron beam, as higher voltages may lead to charging
in high conductive samples. All samples were viewed using the instrument’s Resolution Mode,
which provides high resolution and low depth of focus.
EDS Optimization
For typical EDS analyses, a working distance of 12mm is used. This is defined as the
distance between the stage and the bottom of the pole piece. This geometry allows for the best
collection at the detector. An amp time of 7.68 is used as this slower amp time will give a higher
resolution in the resulting spectrum, with the least amount of collection time. A Dead Time of
approximately 30% is achieved by changing the spot size in conjunction with the beam current of
the incoming electron beam.
EBSD Optimization
To determine the optimal conditions of the EBSD system, a nickel standard that was
supplied by EDAX, Inc. is used. Many different parameters were studied as to their effects on the
resulting EBSD Pattern.
“Nickel alloys are generally considered to be easier EBSD samples, as the preparation is
straightforward, they have a high backscattered signal, and the surface condition does not degrade
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significantly with time. Because of this, this material (Inconel 600) is used as the EDAX standard
reference material for EBSD” (McMenamin, Nowell, & Wallace, 2018).
Accelerating Voltage
The accelerating voltage of the electrons impinging on the sample was varied in order to
see the effect on the resulting EBSD pattern. Patterns captured using low voltage are broad and
less detailed than those sharper, more detailed patterns achieved with higher accelerating voltages.
More bands are detected using higher accelerating voltages. For this research, accelerating
voltages of 20kV, 25kV, and 30kV were used, sample depending.

10kV

15kV

25kV

20kV

30kV

Figure 50: Study of Accelerating Voltage on Pattern Formation. (Photo by author).
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Tilt Angle
Patterns were obtained using two different geometry settings. The first used a pre-tilted (70
degree) sample holder. It was found that although patterns were obtained, the geometry of the
system was not ideal as the stage and detector would sometimes come into contact due to the
geometry of the system.

Figure 51: 70˚ EBSD Pre-Tilt Pin Stub Holder, Ted Pella Inc. (Photo by author).

The second approach took advantage of the SEM’s stage tilt option. Here, the sample is
loaded at 90 degrees and the stage is gradually set to different tilt angles digitally until seventydegrees is reached. With this setup, there was no worry of the stage hitting the detector and was
the preferred method used throughout this study. Various tilt angles were assessed. In agreeance
with published literature, placing the sample at 70 degrees towards the phosphor detector produced
the best results.
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55˚

60˚

65˚

70˚

Figure 52: Study of Tilt on Pattern Formation. (Photo by author).

Figure 53: Chamber View with Stage Tilted 70 degrees. John Jay College of Criminal Justice. (Photo by author).
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Working Distance
The working distance here is defined as the distance from the stage to the bottom end of
the pole piece. Although needing to be altered depending on the height of the sample being
analyzed, this study shows the difference one may expect to see if the sample is too far or too close
to the electron gun.

22mm

27mm

32mm

37mm

Figure 54: Study of Working Distance on Pattern Formation. (Photo by author).

Magnification
Magnifications ranging from 50x to 1000x were looked at to see the effect on the final
EBSD pattern. Magnification does not seem to have any effect on the pattern.
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50x

250x

500x

1000x

Figure 55: Study of Magnification on Pattern Formation. (Photo by author).

Binning
Increasing the binning size increases the sensitivity of the camera allowing for faster
collection times, however it also decreases the resolution of the final image at a certain point. For
these reasons, a binning size of either 2x2 or 4x4 only are used for analysis in this research.

1x1

2x2

4x4

8x8

Figure 56: Study of Binning on Pattern Formation. (Photo by author).
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Gain, Exposure, and Frame Averaging
There are several parameters one can set to visualize and enhance the pattern of a sample:
gain, exposure, and frame averaging. To decrease the noise in a resulting pattern, the gain can be
decreased, and the exposure increased. To get better patterns before image processing, one can
scan together frames during scanning (Scan Frame Averaging) and during point and click analysis
(Snapshot Frame Averaging). Adjusting the number of frames to average can improve the resulting
pattern.
Image Processing and Background Correction
Image Processing Recipe Builder is built into the TEAM software to enhance the noisy raw
pattern obtained, allowing both the user and the computer to recognize the bands better while
taking into account the overall area of the sample (“background”). There are two background
options; Smart Background (which calculates the background by zooming out of the current area
of interest to include more of the sample) and the Scanning Electron Microscope Area (which
calculates the background based on the current field of view). The following are a few of the image
processing options available and their effect on the resulting pattern with the Nickel standard. The
image processing options can either be used in conjunction with others, as part of a pre-determined
list (Standard, Enhanced, Custom, None), or alone. The type of imagine processing will depend
on the sample type and the amount of enhancement desired.
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Figure 57: Image Processing - Static Background Subtraction.

Figure 58: Image Processing - Static Background Division.

Figure 59: Image Processing - Dynamic Background Subtraction.
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Figure 60: Image Processing - Dynamic Background Division.

Figure 61: Image Processing - Intensity Histogram Normalization.

Figure 62: Image Processing - Intensity Histogram Stretch.
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Figure 63: Image Processing - Static Background Division, Mean Smooth Filter, Intensity Histogram Stretch, and Intensity
Histogram Normalization.

Pressure
To reduce charging, low vacuum mode (3-500 Pa) is used when analyzing samples at
EDAX. Unfortunately, this is not available at John Jay College, so other techniques were used to
reduce charging at high vacuum mode (0.005 Pa).
Carbon Coating
As EBSD is a surface technique, the effect of coating on a specimen is studied here. The
same sample type, calcite, was used in this study. The amount of carbon coating was varied to
determine how much of a coating can be present on the sample without interfering with the
resulting pattern.
Using the hand-rod shaping tool (Pelco easiShaper™, Serial No. 58-00282), graphite rods
(Ted Pella, Inc. Product No. 61-35. Graphite Rod, Grade 1, 1/4" x 12". Lot No. 041818-17038)
were sharpened to fit into the fixed and static positions of the (Cressington Carbon Coater 208
Carbon (Serial No. C5125)).
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Figure 64: Cressington Carbon Coater 208 Carbon. John Jay College of Criminal Justice. (Photo by author).

Figure 65: Ted Pella, Inc. Product No. 61-35. Graphite Rod, Grade 1, 1/4" x 12". Lot No. 041818-17038. (Photo by author).
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Samples were then placed into Carbon Coater for 0, 6, 12, 18, 24, and 30 seconds. In
analyzing the resulting EBSD patterns of these samples, it is noted that carbon coating does not
have a major effect on the pattern.

Figure 66: Microscope Slide Showing Carbon Deposit at Different Stages. (Photo by author).

Figure 67: Calcite at different stages of carbon coating. (Photo by author).
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Figure 68: Comparison of Patterns at Different Stages of Carbon Coating (0: No Coating, 1: 6 Seconds, 2: 12 Seconds, 3: 18
Seconds, 4: 24 Seconds, 5: 30 Seconds). (Photo by author).
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CHAPTER 11: RESULTS AND DISCUSSION
EBSD Report Design
Electron Backscatter Diffraction patterns can be collected in specific chosen areas of the
image collected from the SEM using TEAM software. Additionally, if one chooses, EDS data can
be collected simultaneously along with EBSD data.
Before indexing to determine the crystal phase and orientation of the sample, one must
compose a list of candidates in the Phase List. This is often composed based on the information
gained from the elements present from the EDS spectrum or based on prior knowledge of the
sample.
After collection and indexing, The Pattern Display shows the raw pattern, which can be
overlayed with the chosen indexed solution, crystalline model, pole figure, and phase. Euler
Angles and (hkl)[uvw], which is used to describe the crystallographic orientation, are also
included.

Figure 69: Screenshot of EBSD Pattern Window Summary after Collection from TEAM Software. Index Solution Shown
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When reviewing sample reports, it is important to look at the quality of the data. Three
ways to do this within the TEAM software are by assessing the Image Quality (IQ), FIT, and
Confidence Index (CI) parameters.
The IQ describes the quality of the pattern and how well the software can find the bands
for indexing in the resulting pattern for the Hough Transform. There are many factors which will
affect the IQ of a particular pattern, such as microscope parameters and the sample surface. For
these reasons, IQ was not the sole parameter in judging the quality of the indexing results (TEAM
Manual, 2013).
FIT illustrates how close the detected bands are from those bands found in the library
solution. Measured as the deviation between the two, lower angles here show a higher correlation
between the bands seen in the pattern and indexed bands (TEAM Manual, 2013).
Lastly, Confidence Index, or CI, is a measure of uniqueness between the two best solutions
(EDAX, 2016). When the software detects the bands in any given pattern, it will find multiple
possible solutions. Each of these orientations will then receive several votes, based on the bands
and angles that are detected and identified. The difference between the solution with the highest
number of votes and the second highest number of votes is then divided by the total possible
number of votes to find the CI. By comparing these two possible solutions to the indexing pattern,
an index of 0 to 1 is possible. Keep in mind, multiple entries of the same solution uploaded into
the database, may cause a CI of 0, not necessarily meaning that the solution is incorrect, but rather
the software’s inability to differentiate between the two outcomes. EDAX suggests a CI above 0.2
as being usually correct and was used as a screening for this research based on the figure below.
At a CI of approximately 0.2, the curve approaches 90-100% fraction correct.
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Figure 70: Confidence Index versus Fraction Correct. (Source: EDAX)

EDS Report Design
Spectra can be collected in various ways using the TEAM software. Whether it be the entire
area of the image collected from the SEM, individual points, multiple points, or selected area
drawn across the specimen image. Qualitative peak identification and quantitative weight
percentages of each element present in the spectrum will be automatically collected. As mentioned
previously, EDS data can be collected concurrently with EBSD data.
Study of Polymorph Minerals
This study aims to show the possibility of EBSD to differentiate between different mineral
polymorphs. Polymorphs are those materials with the same chemical formula, but different crystal
structure.
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Table 4: Samples Used in Study of Polymorph Minerals.

Chemical
Composition

Mineral

Location or Company

Anatase

TiO2

Cuiaba, Gouvela, Minas Gerais, Brazil

Brookite

TiO2

Kharan District, Balochistan Province, Pakistan

Rutile

TiO2

Cargille Labs

Opal

SiO2

Cargille Labs

Quartz

SiO2

Cargille Labs

Aragonite

CaCO3

Cargille Labs

Calcite

CaCO3

Cargille Labs

Orthoclase

KAlSi3O8

Cargille Labs

Microcline

KAlSi3O8

Cargille Labs

Energy Dispersive Spectroscopy
Energy Dispersive Spectroscopy is used to confirm the elemental identity of the samples
used in this study. Aside from trace elements present, the compositions agree with published
literature.
TiO2 - Anatase, Rutile, and Brookite

Figure 71: EDS Spectra of Anatase, Rutile, and Brookite, TiO2.
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SiO2 – Opal and Quartz

Figure 72: EDS Spectra of Opal and Quartz, SiO2.

CaCO3 – Aragonite and Calcite

Figure 73: EDS Spectra of Aragonite and Calcite, CaCO3.

KAlSi3O8 - Orthoclase and Microline

Figure 74: EDS Spectra of Orthoclase and Microline, KAlSi3O8.
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Attenuated Total Reflectance Infrared Spectroscopy
Infrared Spectroscopy is a common way for polymorph samples to be differentiated from
one another. Using the Durascope, ATR spectra were recorded for each of the mineral samples.
For clarity, the spectra are stacked with their polymorph counterpart.
TiO2- Anatase, Rutile, and Brookite

Figure 75: Attenuated Total Reflection Spectra of TiO2 Polymorphs.

SiO2- Opal and Quartz

Figure 76: Attenuated Total Reflection Spectra of SiO2 Polymorphs.
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CaCO3- Aragonite and Calcite

Figure 77: Attenuated Total Reflection Spectra of CaCO3 Polymorphs.

KAlSi3O8- Orthoclase and Microcline

Figure 78: Attenuated Total Reflection Spectra of KAlSi3O8 Polymorphs.

From the ATR spectra, some polymorph pairs can be differentiated (quartz and opal,
aragonite and calcite), and some cannot (orthoclase and microcline). Others, (anatase, brookite,
and rutile), produce very non-unique spectra, inhibiting them from being identified or
differentiated. Instruments allowing for analysis in the lower regions of the spectrum may help
with some of these comparisons. Some of the minerals used in this study were from the non-
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traceable Cargille set and there is no way of knowing if there are trace minerals present in the
samples, making ATR analysis difficult, if not impossible. Knowing the elemental composition of
a specific mineral grain would prove helpful in identifying the mineral of interest.
Electron Backscatter Diffraction
With the use of the combined system using SEM, EDS, and EBSD, the area of interest can
be visualized, the elemental composition of the area can be confirmed, and the crystal structure of
the mineral determined, becoming especially valuable in the case of polymorphs.
Below are the Kikuchi patterns and indexed patterns obtained from the minerals.
The three polymorphs of titanium dioxide (TiO2) were indexed appropriately. Anatase and
rutile are indexed as having a tetragonal crystal structure. Brookite is indexed as orthorhombic.

Anatase

Brookite

Ru�le

Figure 79: Raw (top) and Indexed (bottom) Kikuchi Patterns of Anatase, Brookite, and Rutile. (Photo by author).
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Quartz and Opal, both polymorphs of silicon dioxide, (SiO2) can be differentiated based
on their Kikuchi patterns easily. This is because opal is amorphous, while quartz is trigonal. For a
pattern to be projected onto the phosphor screen, the sample must be crystalline, confirming the
lack of pattern achieved with opal.
Quartz

Opal

Figure 80: Kikuchi Patterns of Opal and Quartz. (Photo by author).

Calcium carbonate (CaCO3) polymorphs, aragonite and calcite can be differentiated by
their crystal structure. Aragonite is orthorhombic and calcite is trigonal.
Aragonite

Calcite

Figure 81: Kikuchi Patterns of Aragonite and Calcite. (Photo by author).
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Although difficult to differentiate the polymorphs of potassium aluminum silicate
(KAlSi3O8), microcline and orthoclase by other means, such as with infrared spectroscopy, it is
possible by use of EBSD. Microcline is triclinic and orthoclase is monoclinic.

Orthoclase

Microcline

Figure 82: Kikuchi Patterns of Microcline and Orthoclase. (Photo by author).

Conclusions
EBSD can be used to differentiate between minerals with the same elemental composition,
but different crystal structure, (polymorphs), based on the Kikuchi patterns indexed.
Study of Minerals
Of the 90 minerals used in this study, 43 were correctly indexed using the TEAM software
database. A pattern was still obtained for 37 minerals where an indexed solution could not be
found. This could be due to poor quality patterns obtained, or simply not a comparable entry on
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the available database. A future study may include adding these images to a database for further
study. As some of these mineral standards are not traceable (Cargille), work is suggested to
confirm their identity using XRD. No usable pattern was achieved in only 10 of the 90 minerals
used in this study, 3 of which were found to be amorphous (opal, obsidian, and pumice). A future
study may include further attempts at obtaining those patterns that were unsuccessful in this study.
The SEM images, EDS spectra, and EBSD patterns and solutions for all minerals can be found in
the Appendix chapter of this study.
Study of Gems
Gemstones are defined as “minerals that are highly valued for their beauty, durability, and
rarity; they may be worn for adornment or used to decorate art objects” (Wenk & Bulakh, 2004).
Due to their rarity, gems often come with a high price point. This leads to the beginning of the
industrial production to create synthetic gems with similar properties, but a much lower selling
cost. It also leads to the fraudulent selling of cheaper stones for their resemblance to the true, more
expensive stone. Therefore, gemstone authenticity is of major importance to both buyers and
jewelry manufacturers alike.
During this research, the authenticity of two gemstones came into question. Although these
were acquired personally, the ability of this technique to help in this matter was obvious.
The first sample, a ring, came into question as to whether it was diamond (C) or other stone,
such as cubic zirconia (ZrO2). The EDS spectrum confirms it is composed of only carbon, and the
EBSD pattern correctly identifies it as diamond. Further distinguishing between natural and
synthetic gems may prove difficult with this method as many man-made stones mimic the natural
crystal structure.
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Figure 83: Diamond Ring. (Photo by author).

Figure 84: EDS Spectrum and EBSD pattern of Diamond Ring, Indexed as Diamond (Cubic).

The second set of samples, two earrings, were analyzed to determine if they were indeed
pearls or not. The EDS spectrum for “Pearl A” confirms it is composed of calcium, carbon, and
oxygen, as pearl is made of the mineral aragonite (CaCO3) and a protein called conchiolin. The
EDS spectrum for “Pearl B”, however, shows only carbon, oxygen, and silicone present. This is
consistent with fake pearls primarily being made of glass or plastic. The EBSD pattern for Pearl
A was correctly identified as aragonite, while no obtainable pattern was obtained from Pearl B.

88

Figure 85: Two Earrings - Pearl A and Pearl B. (Photo by author).

Figure 86: EDS Spectrum of Pearl A (CaCO3) and Pearl B (C, O, and Si).

Figure 87: EBSD Pattern for Pearl 2, Indexed as Aragonite (Orthorhombic).
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Validation Study
Unknown Rock Sample – Case No. 20190711A
To show the applicability of this technique and method to real life forensic samples, a
portion of evidence from a forensic case was used.
On November 24th, 2019, Thomas A. Kubic & Associates (TAKA) received an exhibit of
evidence to perform physical testing. The evidence received was a rock-like suspension in a tarlike binding material.

Figure 88: Evidence TAKA20190711A. (Photo by author).

To remove the tar-like material, small pieces of the material were removed and subjected
to solubility testing with various chemicals. Toluene was chosen as a suitable solvent for removing
the material from adhering rock and mineral fragments. To carry this extraction out, a Soxhlet
Extraction was used.
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Figure 89: Soxhlet Extraction. (Photo by author).

After the extraction process, the thimble and remaining mineral fraction were placed into
an oven at 510-520˚C to remove all the organic material.
Using the stereomicroscope, the remaining sample after the above treatment was
photographed, and mineral pieces separated based on color for better observation.
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Figure 90: Evidence Sample 20190711A. Post Soxhlet extraction and ashing. Photomicrograph using the Stereomicroscope.
(Photo by author).

Next, the individual samples were mounted and observed using the Polarized Light
Microscope. Many of the minerals were identified using this technique, however, since there were
many small grains in the sample, it was decided to look at the sample using SEM/EDS.
When reviewing the EDS data, it was apparent that many of the minerals identified using
the PLM could be confirmed by their elemental composition. However, in addition, the presence
of other minerals could be found. It was then deiced to use this data in conjunction with EBSD.
Agreeing with the information from microscopy and EDS, the sample is mostly composed
of quartz grains. However, grains of calcite, k-feldspar, sodium potassium aluminum silicate, and
muscovite were also observed. Their SEM images, EDS spectra, and EBSD data follow.
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Unknown No.1
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Phase Name:

Quartz

Phase Formula:

SiO2

Trigonal (D3d) [3m]

Phase Symmetry:
Info:

94

CI: 0.27
FIT: 1.4

Unknown No. 2

95

Phase Name:

Quartz

Phase Formula:

SiO2

Phase Symmetry:
Info:

96

Trigonal (D3d) [-3m]

CI: 0.23
FIT: 1.2

Unknown No. 3

97

Phase Name:

Quartz

Phase Formula:

SiO2

Phase Symmetry:
Info:

98

Trigonal (D3d) [-3m]

CI: 0.27
FIT: 0.9

Unknown No. 4

99

Phase Name:

Quartz

Phase Formula:

SiO2

Phase Symmetry:
Info:

100

Trigonal (D3d) [-3m]

CI: 0.60
FIT: 0.7

Unknown No. 5

101

Phase Name:

Quartz

Phase Formula:

SiO2

Phase Symmetry:
Info:

102

Trigonal (D3d) [-3m]

CI: 0.32
FIT: 1.2

Unknown No. 6

103

Phase Name:

Sodium Potassium Aluminum
Silicate

Phase Formula:

( Na0.75 K0.25 ) ( Al Si3 O8 )

Phase Symmetry:
Info:

104

Triclinic (S2, Ci) [-1]

CI: 0.18
FIT: 1.2

Unknown No. 7

105

Phase Name:

Quartz

Phase Formula:

SiO2

Trigonal (D3d) [3m]

Phase Symmetry:
Info:

106

CI: 0.34
FIT: 1.3

Unknown No. 8

107

Phase Name:

K-feldspar

Phase Formula:

KAlSi3O8

Phase Symmetry:
Info:

108

Monoclinic b (C2h) [2/m]

CI: 0.23
FIT: 1.3

Unknown No. 9

109

Phase Name:

Muscovite

Phase Formula:

KAl2((AlMnFeTi)Si3O10)(OH)2

Phase Symmetry:
Info:

110

Monoclinic b (C2h) [2/m]

CI: 0.20
FIT: 0.7

Unknown No. 10

111

Phase Name:

Muscovite

Phase Formula:

KAl2((AlMnFeTi)Si3O10)(OH)2

Phase Symmetry:
Info:

112

Monoclinic b (C2h) [2/m]

CI: 0.14
FIT: 1.3

Unknown No. 11

113

Phase Name:

Calcite

Phase Formula:

CaCO3

Phase Symmetry:
Info:
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Trigonal (D3d) [-3m]

CI: 0.45
FIT: 1.1

CHAPTER 12: CONCLUSIONS
The electrons forming the Kikuchi patterns for EBSD analysis derive only a small distance
into the surface of the specimen. This causes many to believe that this technique could only be
used for near perfect samples, which are polished with no damage. Although this still proves true
for samples in which the EBSD orientation or phase map is required, it was not necessary for the
analysis of minerals in-situ. The achievement of EBSD patterns on non-perfect mineral samples,
shows the ability of EBSD to be a technique considered for never-perfect forensic evidence, with
the advantage of nearly no sample preparation.
This research highlights the applicability of EBSD in the field of forensic science. It also
allows for the expansion of the use of the rather expensive equipment (SEM, EDS), already found
in many forensic laboratories, but traditionally only used for gunshot residue analysis.
Disadvantages
One of the major weaknesses of looking at mineral samples that was discovered, was due
to the location of the sample, beam, and detector. Due to their orientation, specifically due to the
seventy-degree tilt, large particles would often block the diffraction pattern of a neighboring
particle, resulting in the shadow being seen by the phosphor detector, instead of the pattern. To
decrease this, particles were sieved to ensure large particles would not hinder the analysis, and
sample stubs were not overloaded, again to decrease the likelihood of these shadowing
consequences.
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Figure 91: Effect of shadowing on resulting pattern. (Photo by author).

As EBSD is not automated on this system, careful attention must be made as to which
mineral grain is chosen. Having a fully automated system would most certainly decrease analysis
time.
Contributions to the Field of Forensic Science and Criminal Justice
As mentioned previously, forensic science is the “application of the natural sciences as it
applies to matters of the law” (De Forest, Gaensslen, & Lee, 1985). The contributions forensic
science makes, however large or small, impact the criminal justice system in extraordinary ways.
Forensic science would be nothing without the criminal justice system to present its findings, and
criminal justice system would be nothing without the forensic science system that helps the trier
of fact in their decision-making process.
It was at the forefront of this research to create a testable research design, backed by
standards and controls, which could eventually lead to peer review and acceptance within the
relevant scientific community and other requirements necessary to meet the current admissibility,
acceptance, and procedural standards outlined by Frye, Daubert, and the Federal Rules of
Evidence.
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Frye Standard
Just when a scientific principle or discovery crossed the line between the experimental and
demonstrable stages is difficult to define. Somewhere in this twilight zone the evidential
force of the principle must be recognized, and while courts will go a long way in admitting
expert testimony deduced from a well-recognized scientific principle or discovery, the
thing from which the deduction is made must be sufficiently established to have gained
general acceptance in the particular field in which it belongs (Frye v. United States, 293 F.
1013, D.C. Cir. 1923).
This statement contained in the Frye case, outlines the necessity of expert witness
testimony in the courtroom, to help the jury understand the science at hand. In what is now known
as the Frye standard, came about the criteria at which these experts were allowed to testify. The
result of this case lays the foundation of the need for general acceptance of novel techniques,
however, what is considered general acceptance and by who represents the relevant scientific
community often creates a burden for introducing novel evidence into the courtroom. Still, many
states across the country are still considered Frye states, governing their admissibility standards
by this statute.
Federal Rules of Evidence
The Federal Rules of Evidence, devised in 1975, outline the laws in introducing evidence
in United States Federal courts, including expert testimony.
Rule 702, Testimony by Expert Witnesses states, “A witness who is qualified as an expert
by knowledge, skill, experience, training, or education, may testify in the form of opinion or
otherwise if (a) the expert’s scientific, technical, or other specialized knowledge will help the trier
of fact to understand the evidence or to determine a fact in issue, (b) the testimony is based on
sufficient facts or data, (c) the testimony is the product of reliable principles and methods, and, (d)
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the expert has reliably applied the principles and methods to the fact of the case” (Federal Rules
of Evidence, 702).
Daubert Standard
In Daubert v. Merrell Down Pharmaceuticals, Inc., 509 U.S. 579 (1993), the question as
to whether the Frye standard or the Federal Rules of Evidence should hold as for expert witness
and scientific evidence admission in federal court. The court ruled that the admissibility of such
shall be based on the Federal Rules of Evidence, with the presiding judge acting as the gatekeeper.
The court also presented a list of recommendations for admissibility, commonly referred
to as the Daubert standard. This list is not meant to be an inclusive checklist, but rather a goal put
in place to assist the judge when introducing novel scientific analyses into the courtroom, to ensure
the confidence had in the reliability of the testing.
1.

Whether the technique or theory in question can be (and has been) tested

2.

Whether it has been subjected to peer review and publication

3.

Its known or potential error rate

4.

Existence and maintenance of standards controlling its operation

5.

Whether it has attracted widespread acceptance within a relevant scientific
community.
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National Academies of Sciences Report
In 2009, the National Academy of Sciences, directed by Congress, produced a report titled
“Strengthening Forensic Science in the United States: A Path Forward”. This report was designed
to lay out improvements that can be made for the forensic science community in the United States.
“It is clear that change and advancements, both systemic and scientific, are needed in a number of
forensic science disciplines—to ensure the reliability of the disciplines, establish enforceable
standards, and promote best practices and their consistent application” (NAS, 2009).
In the report, there are laid out thirteen recommendations for agencies and individuals in
the forensic science field. This research aimed to recognize these recommendations.
Because the work of forensic science practitioners is so obviously wide reaching and
important—affecting criminal investigation and prosecution, civil litigation, legal reform,
the investigation of insurance claims, national disaster planning and preparedness,
homeland security, and the advancement of technology—the committee worked with a
sense of great commitment and spent countless hours deliberating over the
recommendations that are included in the report. (NAS, 2009)
The aim of this research is to introduce this already well-established technique to the field of
forensic science in ways in which it has not already been done. There are some major benefits to
using this technique above all others available to scientists, and there are other advantages to using
this technique in conjunction with others, to aid in the classification scheme of a sample.
It is the hope of the author that future researchers will look further into this technique to
establish even more ways in which to incorporate it into the forensic science community.
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Future Studies
The Future for Material in Forensic Investigations
This research only looked at ninety minerals, which is just a tiny glimpse into the subject.
“Over two thousand individual minerals on earth have been identified. Introductory books on
mineralogy discuss approximately two hundred of them. Twenty or so are commonly found in
soils, but most soil samples contain only three to five minerals” (Murray, 2004). Future studies
should include research into those minerals that were not able to be indexed in this study. This
project can be expanded to look at additional gems and minerals that information on may help aid
in forensic investigations and the field of geology.
Until soil is no longer considered as evidence in forensic investigations, which is not
foreseen in the future, the research of analyzing soil and its characterization by mineral
components should continue.
This research only focused on the mineral component of soil. It is known that what is
considered soil consists of not only this non-organic portion, but also an organic portion, as well
as man-made or man-left components. It would be interesting to look at the applicability of this
research to these other components. Specifically, the author has interest in assessing and
interpreting the information one can gain from soil samples which may contain post-blast materials
consistent with an explosive. Determining the type of explosive used can have major benefits in
Homeland Security.
Further statistical studies as to the prevalence of certain minerals (and their polymorphs)
in the environment would be of great significance to the field, especially in reports and testimony.
120

In addition, looking into the morphology of these mineral grains that have been identified
using this method is one way to increase the comparison power amongst samples. Observing
surface features from weathering and overall grain morphology have been used to assess the
history of a mineral sample and has been used to distinguish between quartz samples obtained
from different locations (Bull, & Morgan, 2006).
The Future for Electron Backscatter Diffraction in Forensic Science
The growth of the technique since its introduction in the 1970’s has already proven its
almost unlimited applicability in science. And at just the start of its introduction in the forensic
sciences, it seems EBSD has the same fate in this field. Just in the span of this research,
advancements in the instrumentation and software have made its way to the market, something of
which should be studied for the advancements it could make on this project and others.
Future hopes for the author include researching various other types of evidence and its
ability to be analyzed using EBSD. Such evidence includes metal parts stemming from vehicular
evidence, particularly in the case of hit-and-runs. With Orientation Imaging Microscopy, the
ability of pattern matching using EBSD may allow scientists to determine if a piece of a vehicle
left behind at a scene, could belong to a particular suspect vehicle. This could be completed by
looking at the crystal orientation map that is generated and comparing both the crime scene and
exemplar evidence. This would prove profoundly important in cases where a physical match of the
pieces is not unique enough to draw a conclusion, or not possible for other reasons. Additionally,
if a physical match is possible, it can add confidence one has to a conclusion of that match by
adding the crystal orientation data as well.
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The application of this technique to metals, specifically for pattern matching on the
crystallographic level, can also be applied to other important pieces of forensic evidence such as
bomb parts and weapon. Preliminary research in this topic has already begun by the author and
colleagues.
Expansion on the research already completed with EBSD in conservation science with
pigments and paints can be applied to forensic paint samples. Determining if two sources of paint
share a common origin is of use forensic importance and can be further investigated using EBSD.
Researchers at the National Institute of Technology have developed transmission-EBSD,
which increases the ability of obtaining crystallographic information on particles as small as 10nm.
In their experimental setup, rather than capturing diffraction patterns that are emanating from the
surface of a tilted sample, they can capture the electrons that are forward scattered, through the
sample, essentially combining EBSD and TEM techniques in the SEM. This research is sure to
increase the applicability of EBSD for particle analysis (Keller & Geiss, 2012).
Conclusion
The goal of this research was to increase the investigative power of forensic mineral
analysis, whether found in unknown, soil or sand samples. Allowing the forensic scientist to learn
more about a sample can increase the power to establish provenance, aiding in investigations by
examination, identification, and discrimination. By no means is this research the end of study for
either EBSD or mineral analysis, but simply an expansion of knowledge, laying the groundwork
for its continued use in the field as a complement to existing work.
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In summary, the power of this combined technique of SEM/EDS/EBSD allows for the
analysis of otherwise disregarded mineral evidence, which ultimately could equip scientists with
the tools necessary to help in investigations ranging from issues of homeland security to murder,
and everything in between!

“If there is a single important lesson to be learned by the investigator, it is the extent to
which he may rely on microscopic physical evidence if he is willing to make full use of it.”
(Kirk, 1953)
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CHAPTER 13: APPENDICES

Appendix I: Scale Calibration Information
Scale calibration for BX-41 Polarized Light Microscope for all ocular and objective
combinations used.

Figure 92: Ocular scale overlaid with Stage Micrometer (1 division = 0.01mm) using a 4x objective and 10x ocular.

Figure 93: Ocular scale overlaid with Stage Micrometer (1 division = 0.01mm) using a 10x objective and 10x ocular.
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Figure 94: Ocular scale overlaid with Stage Micrometer (1 division = 0.01mm) using a 20x objective and 10x ocular.

Figure 95: Ocular scale overlaid with Stage Micrometer (1 division = 0.01mm) using a 40x objective and 10x ocular.
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Appendix II: Certificates of Compliance
Sieves Data
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Appendix III: EDAX Instrumentation Acceptance Test Report
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Appendix IV: SEM Photomicrographs
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Appendix V: EDS Data
Copper Standard

Figure 96: Copper Standard.

Aluminum Standard

Figure 97: Aluminum Standard.
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Nickel Standard

Figure 98: Nickel Standard.
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Appendix VI: EBSD Data

229

Actinolite

230

Almandite
Phase Name:

Garnet (almandine)

Phase Formula:

Fe3Al2Si3O12

Phase Symmetry:
Info:

231

Cubic (Oh) [m3m]

CI: 0.20
FIT: 1.4

Albite
Phase Name:

Albite

Phase Formula:

(Na0.84Ca0.16)Al1.16Si2.84O8

Phase Symmetry:
Info:

232

Triclinic (S2, Ci) [-1]
CI: 0.36
FIT: 1.2

Apatite
Phase Name:

Apatite

Phase Formula:

OFPCa

Phase Symmetry:
Info:

233

Hexagonal (C6h) [6/m]

CI: 0.31
FIT: 0.9

Amblygonite

234

Anatase
Phase Name:

Anatase

Phase Formula:

TiO2

Phase Symmetry:
Info:

235

Tetragonal (D4h) [4/mmm]

CI: 0.68
FIT: 1.1

Asbestos Fibers, Long
EBSD pattern not obtained.

236

Aragonite
Phase Name:

Aragonite

Phase Formula:

CaCO3

Phase Symmetry:
Info:

237

Orthorhombic (D2h) [mmm]

CI: 0.38
FIT: 1.2

Augite
FIT

a

Phase Name: Augite
Phase Formula:

OMgSiCaFe
Monoclinic b (C2h)
[2/m]

Phase Symmetry:
Info: CI: 0.31

238

FIT: 0.7

D

Azurite

Phase Name: Azurite
Phase Formula:

Cu3(CO3)2(OH)2

Phase Symmetry:

Monoclinic b (C2h) [2/m]

Info: CI: 0.23 FIT: 1.5

239

Andalusite
Phase Name:

Andalusite

Phase Formula:

Al2(SiO4)O

Phase Symmetry:
Info:

240

Orthorhombic (D2h) [mmm]

CI: 0.20
FIT: 1.6

Andesine

241

Anhydrite

242

Anorthite

243

Biotite

244

Barite
Phase Name:

Barium Sulphate

Phase Formula:

BaSO4

Phase Symmetry:
Info:

245

Orthorhombic (D2h) [mmm]

CI: 0.25
FIT: 1.5

Beryl
Phase Name:

Beryl

Phase Formula:

Be3Al2Si6O18

Phase Symmetry:
Info:

246

Hexagonal (D6h) [6/mmm]

CI: 0.50
FIT: 1.0

Bauxite
EBSD pattern not obtained.

247

Brookite

Phase Name:

Brookite

Phase Formula:

TiO2

Phase Symmetry:
Info:

248

Orthorhombic (D2h) [mmm]

CI: 0.52
FIT: 0.9

Calcite
Phase Name:

Calcite

Phase Formula:

CaCO3
Trigonal (D3d) [-3m]

Phase Symmetry:
Info:

249

CI: 0.79
FIT: 0.6

Cyanite
Phase Name:

Kyanite

Phase Formula:

Al2(SiO4)O

Phase Symmetry:
Info:

250

Triclinic (S2, Ci) [-1]

CI: 0.40
FIT: 0.8

Celestite

251

Cassiterite
Phase Name:

Tin Oxide

Phase Formula:

SnO2

Phase Symmetry:
Info:

252

Tetragonal (D4h) [4/mmm]

CI: 0.52
FIT: 1.3

Corundum, Var. Emery
Phase Name:

Alumina

Phase Formula:

Al2O3

Phase Symmetry:
Info:

253

Trigonal (D3d) [-3m]

CI: 0.38
FIT: 0.8

Cryolite

254

Chalcopyrite
Phase Name:
Phase Formula:
Phase Symmetry:
Info:

255

Chalcopyrite
CuFeS2
Tetragonal (D4h) [4/mmm]

CI: 0.25
FIT: 0.9

Corundum
Phase Name:

Alumina

Phase Formula:

Al2O3

Phase Symmetry:
Info:

256

Trigonal (D3d) [-3m]

CI: 0.46
FIT: 0.8

Dolomite
Phase Name:

Dolomite

Phase Formula:

CaMg(CO3)2

Phase Symmetry:
Info:

257

Trigonal (S6, C3i) [-3]

CI: 0.70
FIT: 1.1

Diamond
Phase Name:

Diamond

Phase Formula:

C

Phase Symmetry:
Info:

258

Cubic (Oh) [m3m]

CI: 0.29
FIT: 1.4

Diopside
Phase Name:

Diopside

Phase Formula:

Ca(FeMg)Si2O6

Phase Symmetry:
Info:

259

Monoclinic b (C2h) [2/m]

CI: 0.25
FIT: 1.2

Enstatite
Phase Name:

Enstatite

Phase Formula:

(MgFe)2Si2O6

Phase Symmetry:
Info:

260

Orthorhombic (D2h) [mmm]

CI: 0.30
FIT: 1.1

Epidote
EBSD pattern not obtained.

261

Fluorite
Phase Name:

Calcium Fluoride

Phase Formula:

CaF2

Phase Symmetry:
Info:

262

Cubic (Oh) [m3m]

CI: 0.93
FIT: 0.5

Gypsum
Phase Name:

Gypsum

Phase Formula:

CaSO4.2H2O

Phase Symmetry:
Info:

263

Monoclinic b (C2h) [2/m]

CI: 0.21
FIT: 1.1

Glauconite

264

Graphite
Phase Name:

Graphite

Phase Formula:

C

Phase Symmetry:
Info:

265

Hexagonal (D6h) [6/mmm]

CI: 0.27
FIT: 1.7

Hornblende

266

Halite
Phase Name:

Sodium Chloride

Phase Formula:

NaCl

Phase Symmetry:
Info:

267

Cubic (Oh) [m3m]

CI: 0.98
FIT: 0.5

Hematite
Phase Name:

Hematite

Phase Formula:

Fe2O3

Phase Symmetry:
Info:

268

Trigonal (D3d) [-3m]

CI: 0.71
FIT: 0.5

Hypersthene

269

Ilmenite
Phase Name:

Iron Titanium Oxide

Phase Formula:

FeTiO3

Phase Symmetry:
Info:

270

Trigonal (D3d) [-3m]

CI: 0.20
FIT: 1.0

Jasper

271

Kaolin
EBSD pattern not obtained.

272

Kyanite
Phase Name:

Kyanite

Phase Formula:

Al2(SiO4)O

Phase Symmetry:
Info:

273

Triclinic (S2, Ci) [-1]

CI: 0.23
FIT: 1.5

Lepidolite

274

Labradorite

275

Microcline
Phase Name:

Potassium Aluminum Silicate

Phase Formula:

Fe3O4

Phase Symmetry:
Info:

276

Triclinic (S2, Ci) [-1]

CI: 0.25
FIT: 1.1

Malachite
EBSD pattern not obtained.

277

Magnetite
Phase Name:

Magnetite

Phase Formula:

Fe3O4

Phase Symmetry:
Info:

278

Cubic (Oh) [m3m]

CI: 0.86
FIT: 0.6

Marcasite
EBSD pattern not obtained.

279

Monazite

280

Muscovite
Phase Name:

Muscovite

Phase Formula:

KAl2((AlMnFeTi)Si3O10)(OH)2

Phase Symmetry:
Info:

281

Monoclinic b (C2h) [2/m]

CI: 0.32
FIT: 1.3

Nephelite

282

Oligoclase

283

Orthoclase
Phase Name:

K-feldspar

Phase Formula:

KAlSi3O8

Phase Symmetry:
Info:

284

Monoclinic b (C2h) [2/m]

CI: 0.26
FIT: 1.1

Opal
Amorphous

285

Obsidian
Amorphous

286

Olivine
Phase Name:

olivine

Phase Formula:

(MgFe)2SiO4

Phase Symmetry:
Info:

287

Orthorhombic (D2h) [mmm]

CI: 0.54
FIT: 0.7

Pearl
Phase Name:

Aragonite

Phase Formula:

CaCO3

Phase Symmetry:
Info:

288

Orthorhombic (D2h) [mmm]

CI: 0.43
FIT: 0.9

Pectolite

289

Plagioclase

290

Prehnite

291

Pumice
Amorphous

292

Pyrite
Phase Name:

Pyrite

Phase Formula:

FeS2

Phase Symmetry:
Info:

293

Cubic (Oh) [m3m]

CI: 0.27
FIT: 1.3

Quartz

Phase Name:

Quartz

Phase Formula:

SiO2
Trigonal (D3d) [-3m]

Phase Symmetry:
Info:

294

CI: 0.48
FIT: 1.0

Rutile
Phase Name:

Rutile

Phase Formula:

TiO2

Phase Symmetry:
Info:

295

Tetragonal (D4h)
[4/mmm]

CI: 0.29
FIT: 1.2

Rhodonite (Fowlerite)
Phase Name:

Rhodonite

Phase Formula:

MnSiO3

Phase Symmetry:
Info:

296

Triclinic (S2, Ci) [-1]

CI: 0.25
FIT: 0.8

Rhodochrosite

297

Sodalite

298

Spodumene

299

Sphalerite
Phase Name:

ZiNC Sulfide

Phase Formula:

ZnS

Phase Symmetry:
Info:

300

Cubic (Oh) [m3m]

CI: 0.57
FIT: 0.7

Steatite

301

Siderite

302

Serpentine

303

Scheelite

304

Spinel
Phase Name:

Spinel

Phase Formula:

OMgAlFe

Phase Symmetry:
Info:

305

Cubic (Oh) [m3m]

CI: 0.16
FIT: 1.3

Staurolite

306

Tremolite

307

Tourmaline

308

Thaumasite
EBSD pattern not obtained.

309

Topaz

310

Talc

311

Titanite

312

Vermiculite

313

Vesuvianite (Californite)

314

Wollastonite

315

Zincite
Phase Name:

Zinc Oxide

Phase Formula:

ZnO

Phase Symmetry:
Info:

316

Hexagonal (D6h) [6/mmm]

CI: 0.43
FIT: 0.9

Zircon
Phase Name:

Zircon

Phase Formula:

ZrSiO4

Phase Symmetry:
Info:

317

Tetragonal (D4h) [4/mmm]

CI: 0.79
FIT: 0.8

Zoisite

318

Appendix VII: Product Bulletin

319

Appendix VIII: Periodic Table

Figure 99: Periodic Table from EDAX.com
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Appendix IX: Michel Levy Chart

Figure 100: Michel-Levy Birefringence Chart. Retrieved from https://www.mccroneinstitute.org/uploads/MichelLevyBirefringenceChart.pdf, May 13th, 2019.
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